Either diamidino yellow (DY) or HRP satisfactorily labeled axolotl motoneurons for at least 3 months in who. After labeling, both anterior and posterior iliotibialis muscles were removed from the injected limb and replaced with their counterparts from the opposite limb, in reversed anteriorposterior orientation.
Several weeks later, a second marker (DY or HRP) injected into the posterior iliotibialis muscle in its new, more anterior, position labeled the neurons that reinnervated this muscle; the number of neurons labeled with both first and second tracers gave an indication of the selectivity of reinnervation.
Using this approach, we have found that the majority of neurons reinnervating a particular muscle are members of that muscle's original motor pool.
The remarkable ability of adult urodele amphibians to regain normal motor function after nerve damage offers a splendid opportunity to study the factors that control synaptic specificity. There is evidence that 3 quite different mechanisms might contribute to the selectivity of motor nerve regeneration in urodeles. First, it appears that even in this nonembryonic setting, regenerating motor axons are capable of navigating to their proper target muscles (Grimm, 197 1; Holder et al., 1984; D. J. Wigston, unpublished observations) . Second, axons seem to be capable of distinguishing between different muscles such that the restoration of connections between appropriate pre-and postsynaptic partners is favored (Stephenson, 1979; Holder et al., 1982; Wigston, 1986) . Third, synaptic connections between inappropriate synaptic partners may be eliminated competitively in favor of better matched connections (Bennett and Raftos, 1977; Dennis and Yip, 1978) . This report is concerned with the second Received Sept. 5, 1986; revised Dec. 8, 1986; accepted Dec. 15, 1986. We gratefully acknowledge L. Crews for helping with some of the dye injections; N. Marshall for carrying out the electrophysiology; P. Shuler for technical assis- Earlier work that examined selective synapse formation relied primarily on electrophysiological methods-recording from individual muscle fibers and stimulating spinal or muscle nervesto determine the segmental origin or the quanta1 content of detected inputs to a particular fiber. For instance, nerves could be rerouted to innervate foreign muscles, and the strength of the synapses they made could be determined by measuring their quanta1 content; this could then be compared with the strength of transmission at synapses regenerated in the nerve's original muscle (Holder et al., 1982) . More recently, muscles have been denervated, transplanted to new positions, and their reinnervation assessed by stimulating spinal nerves (Wigston, 1986) . These experiments have shown that individual muscles tend to be reinnervated by axons in the same spinal nerves as before, and in the proper proportions, even after transplantation to a novel site. Thus different axolotl limb muscles are reinnervated selectively.
The experiments reported here were designed to examine the selectivity of muscle reinnervation from the vantage point of individual motoneurons, rather than of spinal cord regions (segmental nerves) or groups of neurons (muscle nerves). For example, they test whether muscles are indeed reinnervated by the same motoneurons that innervated them originally or, instead, are innervated by any neurons that send their axons into the same spinal nerve. Since axolotl motoneuron pools extend over large distances, so that the rostrocaudal positions of different motor pools overlap extensively (SzCkely and Czth, 1967; Stephens and Holder, 1985) , earlier results might reflect a general correspondence between positionally appropriate motoneurons and particular muscles, rather than a true restoration of original connections. A double retrograde-labeling technique has made it possible to examine this question directly. Some of this work has been presented previously (Wigston and Kennedy, 1986) .
Materials and Methods
Animals. Male and female wild-type axolotls (Ambystoma mexicanum; lo-25 cm) were obtained from Central Vallev Biological (Gardnerville. NV). The; were housed individually in tra$s of 20% modified Halt: freter's solution at 20 f 2°C and fed beef liver or live worms (Lumbriculus) twice weekly.
Tracer injections. Animals were anesthetized in 0.1% MS222 (tricaine methanesulfonate; Sigma) for 20-30 min, laid in an operating dish, and covered with moist tissue. The appropriate muscle was exposed (see Fig. 1 ) and pressure-injected with tracer from a glass micropipette (tip diameter, ~50 pm). HRP (Sigma Type VI) was injected as either a 40% solution in distilled water or a 2-l 0% solution of HRP covalently linked to wheat-germ agglutinin (WGA-HRP, Sigma). Fast green was added to both types of HRP solution to help visualize the initial extent of the injection site. Diamidino yellow dihydrochloride (DY, Dr. Illing, GmbH Figure   1 . Diagram of the dorsal surface of the right hindlimb of an axolotl. The outlines of the 7 main dorsal muscles are shown and the four proximal muscles labeled. Anterior is up, posterior down. and Co., FDR) was injected as a 2% suspension in distilled water. Several (usually 5-7) injections of 0.0 1-O. 1 ~1 each were made along the length of the muscle; this was preferred to a single, larger injection, since axolotl muscle fibers are innervated at several points (Lehouelleur and Chatelain, 1974; Slack and Docherty, 1978) . Adjacent muscles were covered with wafers of moist paper tissue to protect them from spilled tracer and to prevent dehydration. Any spilled dye or enzyme was immediately wiped away and the affected area irrigated with Ringer's solution. Control experiments showed that deliberate applications of DY or HRP to muscle surfaces did not label any motoneurons. For transplantation experiments, DY or WGA-HRP (5 or 10%) was injected into the left posterior iliotibialis (ILT) 5-l 1 d before surgery.
Surgery.
Muscle transplantations were performed as described previously (Wigston, 1986) . Briefly, the anterior and the injected posterior ILT muscles in the left hindlimb were replaced by their counterparts from the right hindlimb, in reversed anterior-posterior orientation (see Fig. 3 ). In this way, an anterior ILT replaced a posterior ILT, while a posterior ILT occupied the site vacated by an anterior ILT. The left anterior and posterior ILT muscles were sutured into the right hindlimb. Both ILT muscles were denervated by this procedure, since during their removal, the several small nerve branches that provide their innervation were severed. During regeneration, all severed axons probably have equal access to both anterior and posterior muscles (Wigston, 1986) . After total survival times of 3-5 d for acute labeling experiments, or 57-89 d for reinnervation experiments, animals were anesthetized and perfused through the heart with saline (10-100 ml; 0.9%) followed by fixative (lo-100 ml; 2.5% glutaraldehyde, 0.1 M phosphate buffer, and 4% sucrose or, for fluorescently labeled animals, 4% paraformaldehyde, 0.2% glutaraldehyde, 0.1 M citrate buffer, 4% sucrose, pH 7.2). Immediately after perfusion, isolated lumbar regions were immersed in fixative and the spinal cord exposed by a ventral laminectomy. The spinal cord from nerves 14 to 19 was removed, stripped of meninges, pinned in a dish, and immersed in fixative containing 20% sucrose for a further 3 hr at 4" C. After rinsing in 2 changes of 20% buffered sucrose for 1 hr or overnight at 4°C cords were trimmed to include segments 15-l 8 (usually 1 O-l 5 mm long) and embedded in gelatin-albumin.
Iliofibularis and anterior and posterior ILT muscles were removed from both hindlimbs. fixed, and embedded in a similar way. The gelatin blocks containing the muscle or spinal cord were fixed at 4°C for either 1 hr in 2.5% glutaraldehyde fixative or 3 hr in 4% paraformaldehyde fixative.
Tissue processing.
Gelatin-embedded tissue was frozen with dry ice, and transverse sections of spinal cord or horizontal sections of muscle cut on a sliding microtome at 50 Wm. To demonstrate HRP, the sections were reacted using 3, 3', 5, as the chromogen (modified from Mesulam, 1978) . In brief, sections were equilibrated for 15 min in 3 changes of acetate buffer (pH 3.3), reacted for 2 min in 0.3 mM acetate-buffered TMB containing 0.03% H,O,, and stabilized for 2 min in acetate-buffered 0.1% sodium nitrofenicyanide that also contained 0.03% H,O, before being returned to acetate buffer for a further 2 min. At this point, sample sections were examined with a microscope and the appearance of labeled cells noted. The reaction cycle was repeated (usually l-2 times) until satisfactory labeling was achieved. Sections were then mounted on gelatinized slides, dried overnight, dehydrated in a graded series of acetone, and coverslips were mounted with DPX (Gallard-Schlesenger). Sections labeled with HRP only were lightly counterstained with neutral red; otherwise, no counterstaining was employed. Each section was examined with bright-field illumination; fluorescently labeled specimens were also examined with epi-illumination (excitation, 340-380 nm; Leitz filter cube A), using a 50x objective (N.A. = 1 .OO). Photomicrographs were made with Kodak Tri-X film at ASA 400 or with Kodak Technical Pan at ASA 100. All but 8 experiments were analyzed independently by both P.R.K. and D.J.W., usually within 48 hr of processing, and the 2 counts averaged, variation between counts was usually less than 10%. Only clearly labeled cells were included in the analysis. Obvious fragments of cells were not included, but otherwise no correction was applied for double counting of split cells. Our counts, then, may overestimate the true numbers by as much as 30% (see Abercrombie, 1946) . The position and extent of ventral roots 15-l 8 were noted on the tally sheets to establish segmental boundaries. To construct the histograms in Figure 2 , each spinal cord was divided into groups of sections representing 5% of the total distance between the middle of ventral roots 15 and 18. The number of cells appearing in each 5% group was expressed as a percentage of the total number of cells labeled in that motor pool. The mean of these values for all spinal cords from each group of animals was then calculated for each 5% block and plotted on the histogram. In this way, results from animals that differed in their overall length and degree of labeling could be brought into register and displayed in a single histogram (see Landmesser, 1978) . No attempt was made to eliminate the differences between animals in overall rostrocaudal position of the hindlimb motoneurons relative to the position of the ventral roots (Bennett and Raftos, 1977; Stephens and Holder, 1985; Wigston, 1986) . For double-label experiments, the number of cells labeled with both tracers was expressed as a percentage of the total number labeled with the second tracer injected. Experiments were rejected if muscles adjacent to the one injected showed heavy cross-labeling. Except for an earlier series of HRPinjected animals (not included), this rarely occurred, a single experimental case was rejected because the intensity of labeling in anterior and posterior muscles was identical.
Electrophysiology.
To test the possibility that motor axons branched to more than 1 muscle, we searched for axon reflexes using conventional extracellular recording and stimulation techniques. In brief, hindlimbs were isolated and prepared for recording as described previously (Wigston, 1986) . In most experiments, the anterior and posterior ILT muscles were removed and small nerve branches to each muscle identified. Closefitting glass suction electrodes were used to stimulate spinal nerves 15-18 separately, and others, made from finely tapered glass micropipettes, were used to stimulate and record from the proximal cut ends of individual muscle nerves. Four separate nerve branches could normally be isolated for each muscle. Each branch was stimulated repeatedly at 0.5 Hz (10 V pulses, 50 Nsec duration) while recording in turn from the 4 branches innervating the adjacent muscle. In all, 16 combinations of stimulation and recording from anterior and posterior ILT nerve branches were possible. Spinal nerves 15-18 were stimulated periodically throughout this procedure, and the responses in muscle nerve branches were checked, these did not change appreciably over several hours.
Results
One way to identify the neurons that innervate a particular target is to inject the target with a tracer, such as HRP, that is retrogradely transported and labels the neuronal cell bodies (Lamb, 1976; Hollyday et al., 1977; Brushart and Mesulam, 1980) . In some species, the motoneurons normally innervating a particular muscle are tightly clustered in the spinal cord, and hence the identity of labeled cells can be reliably predicted from their unique position (Landmesser, 1978; Hollyday, 1980; LanceJones and Landmesser, 1980) . We therefore first set out to characterize the number and position of motoneurons innervating 3 hindlimb muscles, the anterior iliotibialis, posterior iliotibialis, and iliofibularis, using retrogradely transported markers.
Retrograde labeling of hindlimb motor pools Number and distribution of normal motor pools. We injected anterior ILT muscles in 6 animals with WGA-HRP; on average, 30 f 5 neurons (uncorrected for split cells) were labeled 4-5 d later (Table 1) . We injected posterior ILT with WGA-HRP, labeling 42 f 4 (n = 4) neurons, whereas 13 f 2 (n = 4) neurons were labeled after injecting iliofibularis.
For mapping the distributions of labeled cells, 3 animals were injected with WGA-HRP in the anterior ILT on one side, and in the posterior ILT on the other. Two additional animals received HRP or WGA-HRP injections to the iliofibularis on both sides. The results, normalized as described in Materials and Methods, are shown in Figure 2 . Labeled cells in spinal cord cross-sections were counted after allowing 4-5 d for retrograde transport (see Table 1 ). The rostrocaudal positions ofall 3 motor pools overlapped considerably (Fig. 2) as did their mediolateral and dorsoventral positions (see SzCkely and CzCh, 1967) . Indeed, it would be impossible to assign labeled neurons that were located between the middle of ventral roots 16 and 17 to their proper motor pool on the basis of their positions alone. In spite of this, the location of the motoneurons did shift somewhat for each motor pool: the median of each distribution, indicated by the black triangles in Figure 2 , shifted progressively towards more caudal positions from (Fig. 2~ ) anterior ILT through (Fig.  2b ) posterior ILT to (Fig. 2c) iliofibularis. This shift is consistent with the electrophysiological data from the same muscles obtained by intracellular recording and spinal nerve stimulation (Wigston, 1986) . However, the limited ability to identify a motoneuron from its position within the spinal cord ruled out straightforward retrograde labeling as a way of identifying the motoneurons reinnervating a muscle. Double retrograde labeling of the neurons innervating and reinnervating a muscle Combined DY/HRP labeling. Some retrograde neuronal tracers persist within living neurons for long enough for us to perform reinnervation experiments (see Bentivoglio et al., 1980; O'Leary et al., 198 1; Sawchenko and Swanson, 198 1) . We chose diamidino yellow dihydrochloride (DY) because it has been reported to (1) remain inside cells for some time, (2) leak only very slowly out of labeled cells, and (3) be compatible with histochemical processing to demonstrate HRP (Huisman et al., 1983; Cavada et al., 1984) . Experiments in which we injected posterior ILT muscles with 2% DY showed that 9-l 1 d later, a similar number of neurons (46 f 8, n = 6) were labeled as were labeled after WGA-HRP injection (42 + 4, n = 4; Table 1 ). Thus, DY is an efficient retrograde tracer, comparable to HRP. Further experiments revealed that motoneurons were indeed still clearly labeled up to 3 months after intramuscular injection of DY.
Our strategy was to mark the motoneurons innervating a sin- gle muscle, usually the left posterior ILT, by injecting the muscle with DY. Nine to 11 d later, after retrograde transport of the dye into motoneuronal cell bodies, we exchanged the positions of anterior and posterior ILT muscles by removing them together from the right limb and suturing them in reversed anterior-posterior orientation into the left limb (see Fig. 3 ). The result of this manipulation was that the posterior ILT occupied the normal position of an anterior ILT, while the anterior ILT assumed the site vacated by the posterior ILT. Both muscles were denervated at the point of entry of their nerves. After waiting 6-10 weeks for reinnervation of the transplanted muscles, we injected HRP or WGA-HRP into the original posterior ILT in its novel, more anterior position. Following uptake of the second tracer, we examined neurons in spinal cord sections with both epifluorescence and bright-field optics. Neurons that contained both tracers had a yellow DY-labeled nucleus surrounded by blue/black cytoplasmic HRP reaction product (Fig.  4) . Such doubly labeled cells are likely to be motoneurons that originally innervated the posterior ILT and successfully reinnervated it after transplantation. We expressed the degree of double-labeling as the percentage of neurons labeled with peroxidase that also had a yellow, DY-labeled nucleus. This probably provides the most valid indication of the selectivity of reinnervation. The number of neurons labeled with HRP should reflect the number of neurons that innervated the transplanted posterior ILT. These could be neurons that originally innervated posterior ILT, anterior ILT, or perhaps other muscles. Therefore, the proportion of HRP-labeled cells that was also labeled with DY should give the proportion of neurons reinnervating the posterior ILT that were original members of the posterior ILT motoneuron pool. An alternative would be to express the number of HRP-labeled cells as a percentage of DY-labeled cells; however, this fails to allow for posterior ILT motoneurons that might not have regenerated and therefore would have no chance of reinnervating posterior ILT and taking up HRP. Indeed, the number of neurons labeled with HRP by the second injection was consistently smaller than the number still labeled by the initial DY injection (however, see below). Since we were interested in the selectivity, rather than the efficiency, of rein- nervation, we chose the former approach.
The results of these double-label experiments are shown in Table 2 . The results of 1 experiment in which fewer than 10 cells were labeled with HRP-perhaps indicative of poor reinnervation, inadequate HRP injection, or reaction (see below)-have been excluded. For the other experiments, the mean number of HRP-labeled cells was 35 f 6. Overall, 69 k 9% (n = 8) of these neurons labeled with HRP after transplantation were also labeled with DY. Thus, the majority of individual motoneurons appeared to reinnervate their original target muscle selectively. Far fewer neurons (4 1 f 5%; p < 0.0 1) were doubly labeled in 6 control experiments, in which the second tracer was injected into the adjacent anterior ILT instead. This last value should represent neurons that reinnervated the muscle occupying the normal position of their target, rather than their original target muscle itself; thus, a minority of the neurons reinnervating a muscle are members of an inappropriate motor pool. Some, but not all, of these doubly labeled cells can probably be accounted for by the passage of dye from the injected muscle to its neighbors (or perhaps even between axons in nerves or neurons within the spinal cord, see the Discussion): in another class of control experiments on unoperated animals, we doubly labeled an appreciable number of neurons (15 f 6%, IZ = 9) when we injected DY into the posterior ILT and HRP into the anterior ILT. Direct microscopic observation of anterior and posterior ILT muscles, as well as iliofibularis, at the end of every experiment verified some apparently unavoidable cross-labeling of muscles. However, in only 1 case was the degree of muscle cross-labeling considered unacceptable (the labeling of noninjetted muscles equaled that ofthe injected muscle) and excluded. Usually such cross-labeling was relatively minor.
Combined HRP/DY labeling. During the course of the experiments, it became apparent that DY might label more than just those neurons that innervated the injected muscle. Indeed, 2-3 months after DY injection into posterior ILT, the number of labeled motoneurons was significantly greater (89 + 13, n = 14) than after 9-l 1 d (42 + 4, n = 4; p < 0.01) ( Table 1) . After long survival times, many cell nuclei were very faintly labeled; we excluded these from our counts. We suspected that the higher number of labeled cells after long survival times might reflect u In normal animals, the posterior ILT muscle was injected with DY and the anterior ILT with HRP. b The second tracer (HRP in 546 cases) was injected into the original anterior ILT muscle in animals that had already received the first tracer injection into posterior ILT (DY in 516 cases) and in which the positions of the anterior and posterior ILT muscles had been reversed. cFirst, DY was injected into the posterior ILT, after transplantation and reinnervation, HRP was injected into the original posterior ILT muscle, now in the normal position of the anterior ILT. d Same as c except that WGA-HRP, rather than DY, was injected first into the posterior ILT, and DY was used instead of HRP as the second tracer. e Significance of differences between groups (Student's t test) was as follows: a and b, p < 0.01; band c, p < 0.02; 6 and d, p < 0.02; c and d, p < 0.6. nonselective labeling of motoneurons that did not project to the injected muscle, or possibly the nuclei of glial cells (see the Discussion). We therefore repeated our experiment using WGA-HRP as the initial label (Wan et al., 1982) . Trial experiments showed that peroxidase activity was retained in a high proportion of the neurons initially labeled by injecting the posterior ILT with 10% WGA-HRP: by 50 d after injection, some 30 or so of the approximately 40 neurons usually labeled for short survival times were still clearly evident. The surprising longevity of the HRP label enabled us to conduct a reciprocal series of experiments, injecting WGA-HRP before surgery and DY after reinnervation, since the problems with DY were not evident shortly after DY injection. In 8 of 15 experiments, there were sufficient HRP-or DY-labeled cells detectable at the end of the experiment for analysis (cases in which fewer than 10 neurons were labeled with either tracer were excluded). In experiments satisfying these criteria, the mean number of HRP-labeled cells was 35 f 6 (not significantly different from the number we labeled at short survival times; p < 0.2); of these, 63 k 6%, on average, were also labeled with DY (see Table 2 ; Fig. 5 ). This value agrees well with those obtained when DY was injected first (69 k 9%), confirming our initial estimate of double-labeling. Because of this close agreement, we have not carried out reciprocal control experiments (as in Table 2 , column 2) since it appears that spurious cell labeling by DY in long-term experiments did not contribute significantly to double-labeling. Analysis of axon reflexes A possible basis for the finding of doubly labeled motoneurons in control experiments might be that some motoneurons innervate both anterior and posterior ILT muscles. This could come about after motor axon regeneration and reinnervation of transplanted muscle (Stephenson, 1979) , or perhaps even in normal animals. Thus, for example, the doubly labeled neurons we found in unoperated animals that received DY injections into posterior ILT and HRP injections into anterior ILT might represent neurons that branched to supply innervation to both anterior and posterior ILT muscles. We investigated this possibility by electrophysiologically testing for axon reflexes (Langley and Anderson, 1894; Stephenson, 1979) and for axons that passed from one muscle to the other, innervating both.
We first studied 10 hindlimbs from 6 unoperated axolotls.
We usually tested 4 of the several nerves innervating each ILT muscle; thus, for each limb, a total of 16 combinations were possible. We monitored the fidelity of our recording system throughout these experiments by individually stimulating the spinal nerves that innervate the hindlimb and recording the action potentials in muscle nerves. The minimum response we could reliably detect with our recording system was about 10 KV in amplitude; single-unit responses could usually be discerned by varying stimulus intensity. In no case did stimulation of the proximal cut end of a posterior ILT muscle nerve initiate a response in the proximal cut end of an anterior ILT muscle nerve, nor vice versa. Thus, in agreement with Stephenson (1979) , we conclude that few, if any, axon reflexes exist between different muscles in normal axolotls. We also searched for axon reflexes between anterior and posterior ILT muscles in 9 animals that had undergone muscle transplantation 43-57 d earlier. Not a single axon reflex was observed between the nerves to 18 pairs of anterior and posterior ILT muscles. In 2 other animals (4 limbs), we left 1 of the ILT muscles in each limb intact. We then stimulated the proximal end of the 4 nerve branches that had supplied innervation to the excised ILT muscle, while we recorded extracellularly from the intact muscle with a suction electrode. This was done to further increase the likelihood that we would detect an axon reflex if it occurred-since each axon should innervate several muscle fibers, recordings obtained from an intact muscle ought to be more sensitive than those made from nerves. In 2 additional animals (4 limbs), both ILT muscles were left intact, and nerve trunks that provided innervation to either of the 2 muscles were exposed and cut, and their distal ends stimulated. Such stimulation always evoked action potentials in the muscle clearly supplied by the nerve, and we recorded these extracellularly. However, responses were never recorded in the adjacent muscle. Taken together, these results suggest that the axons that reinnervate a particular muscle do so exclusively: no cases of an axon providing innervation to more than 1 muscle were ever observed.
Discussion
These experiments address a long-standing question regarding the selectivity of reinnervation of limb muscles in urodele amphibia. It is generally believed, though it has not been directly proved, that motoneurons in axolotls selectively reinnervate their original target muscles after denervation (Grimm, 197 1; Stephenson, 1979; Landmesser, 1980; Mark, 1980; Grinnell and Herrera, 198 1; Holder et al., 1982 Holder et al., , 1984 . Most of the evidence for this conclusion has come from either behavioral observations of muscle function after reinnervation (see, for example, Detwiler, 1920; Weiss, 1937) or studies involving spinal nerve stimulation and intracellular recording (Cass and Mark, 1975; Bennett and Raftos, 1977; Dennis and Yip, 1978; Wigston, 1986) . Considering the problems of interpreting behavioral data, and the inherent imprecision in identifying neuronal identity on the sole basis of the ventral root in which their axons exit the spinal cord, more rigorous approaches to examining selectivity have been needed. Our approach was to use a long-term retrograde motoneuronlabeling technique, since it offered the possibility of identifying individual labeled neurons both before and after axotomy. We focused on 1 of 3 mechanism likely to contribute to the establishment of specificity, the selectivity of synapse formation itself, rather than axon guidance or synapse elimination, by transplanting muscles to novel positions and determining the degree to which they were reinnervated by members of their original motoneuron pool. Our results suggest that individual motoneurons selectively reinnervate their original muscles, even when these are in altered positions.
Motor pools in axolotls have been studied previously using electrophysiological methods (Sztkely and Czth, 1967) . Results obtained using this approach suggested that it would not be possible to identify motoneurons from their position in the sni- nal cord since neurons innervating adjacent or related muscles are extensively intermingled. This impression was confirmed by our own studies of the motor pools innervating anterior ILT, posterior ILT, and iliofibularis: using retrograde transport of HRP, we found extensive overlap between the pools. On the other hand, Stephens and Holder (1985) concluded from their studies on the innervation of axolotl limb muscles that retrograde HRP labeling could be used to assign motoneurons to their respective motor pools. It should be possible to distinguish flexor and extensor motoneurons on the basis of their position in the ventral horn of the spinal cord, since neurons that innervate flexor muscles tend to occupy relatively dorsal and lateral positions, whereas those innervating extensors are slightly more ventral (Stephens and Holder, 1985 ; D. J. Wigston and P. R. Kennedy, unpublished observations). Furthermore, since, on average, the motoneurons that innervate proximal limb muscles are located in more rostra1 regions of the spinal cord than those that innervate distal muscles, it is possible to judge, for some motoneurons, whether they normally belong to proximal or distal limb muscles (Stephens and Holder, 1985) . This permits a limited assessment of the specificity of reinnervation of axolotl muscles (see Stephens and Holder, 1987) . However, for the majority of neurons it is not feasible to identify them only by considering the position they occupy in the spinal cord. In our view, considering both the motor pool distributions found by Stephens and Holder (1985) and our own, the majority of axolotl motoneurons cannot be allocated unambiguously to a single motor pool solely on the basis of position. In any event, we found a wider distribution of motoneurons innervating either the anterior ILT or posterior ILT muscle, equivalent to the neurons that together innervate the entire ILT muscle, as studied by Stephens and Holder (1985) . On one hand, we estimate the number of neurons innervating the combined ILT muscles to be greater than that reported by Stephens and Holder (1985) (-70 vs ~25) . On the other, we find many neurons between ventral roots 16 and 17 that innervate either the anterior or posterior ILT (Fig. 2) , whereas they found none. In view of our observation that electrical stimulation of spinal nerve 17 produces synaptic potentials in most muscle fibers in posterior ILT (Wigston, 1986) their result is somewhat surprising. Thus, even though we probably injected more HRP than they did, it is unlikely that this would account for our differences regarding motor pool distribution since our electrophysiological studies (Wigston, 1986) are consistent with our retrograde-labeling experiments.
In view of the limitations of conventional retrograde labeling, we took an alternative approach to identifying neurons after reinnervation, suggested by the persistence of fluorescent dyes within living cells for long periods (Bentivoglio et al., 1980; O'Leary et al., 1981; Sawchenko and Swanson, 1981; Cavada et al., 1984; Hendry et al., 1986) . This persistence allowed us to label a motor pool with a stable marker; perform surgery, such as transplanting muscles; and then label the neurons reinnervating a particular muscle with a second tracer. Using 2 versions of this approach, which combined the fluorescent dye diamidino yellow with HRP histochemistry, we have reexamined the selectivity of the reinnervation of transplanted hindlimb muscles.
The double retrograde label approach we used had some inherent disadvantages. First, dye or HRP can spread between the injected and nearby muscles, since axolotl muscles are small and not well separated. Thus, motoneurons innervating muscles adjacent to the one injected can be labeled accidentally. This problem was particularly severe in smaller animals (< 12 cm), where muscles are poorly ensheathed. We tried to reduce the amount of tracer spreading by using fully grown animals when available (mean, 16 cm) and minimizing the amount of tracer injected. This was difficult, since axolotl muscles have multiple endplate zones and, therefore, completely labeling a muscle's motor pool necessitated injecting tracer at multiple sites throughout the muscle. We routinely monitored the degree of tracer crossover by examining all 3 muscles (anterior and posterior ILT and iliofibularis) after each experiment; in spite of all precautions, there was often evidence of some leakage between muscles. We attempted to quantify the degree of doublelabeling that might result from such crossover in control experiments on unoperated animals in which we injected the tracers simultaneously into neighboring muscles (see Table 2 ).
A second disadvantage of our technique was that the number of cells labeled with DY increased with time after injection; this may have caused us to overestimate the selectivity of reinnervation. The spurious labeling could not have been a result of continued uptake from the injected muscle because we had replaced the anterior ILT and the injected posterior ILT on the left side with a pair of unlabeled ILT muscles from the right side. The 2 most likely possibilities are that DY was somehow transferred between axons within nerves en route to the spinal cord, or that once in the cell bodies of neurons, DY can either escape and be taken up by neighboring cells (see Huisman et al., 1983) or be transferred directly to adjacent neurons or glia. At present we cannot distinguish between these alternatives.
Our solution to this adverse feature of DY was to reverse the order of tracer injection. HRP conjugated with WGA seemed to work surprisingly well as a long-term neuronal label and was still detectable 72 d after injection. Furthermore, the problems with spurious DY labeling were not apparent within short periods after injection (see Table 1 ). There was some loss of peroxidase activity, however, after long survival times; overall, fewer cells remained well labeled after long periods following injection. In 1 case, no HRP-labeled cells could be found. This introduced a different complication to the interpretation of our results: we may not have been revealing the total number of original posterior ILT motoneurons. However, such an error would underestimate the selectivity of reinnervation, since fewer DY-labeled neurons would then be expected to have HRP labeling as well. Thus, our estimate of 63% double-labeling in this set of experiments may in fact be lower than the proper value. Nevertheless, the close agreement between our results when using DY for either long-or short-term labeling suggests that spurious labeling did not contribute substantially to the number of doubly labeled neurons observed.
The interpretation that our results are indicative of selectivity must be tempered with a consideration of our control experiments (Table 2 , column 2). These indicated that approximately 40% of the neurons that reinnervated transplanted anterior ILT muscles were not members of that muscle's original motor pool. The likelihood that most, if not all, of these doubly labeled cells were indeed posterior ILT motoneurons does not necessarily indicate a hierarchical preference for different motoneurons; the only neurons available to reinnervate transplanted anterior ILT muscles might have been anterior or posterior ILT motoneurons, since these were the only motor axons we severed. Unfortunately, our experiments address only 2 of several likely explanations for the rather high incidence of doubly labeled cells in these control experiments. First, the lack of axon reflexes in our electrophysiological studies suggests that no motoneurons innervate more than 1 muscle. It is conceivable, however, that at even earlier stages of reinnervation, axon reflexes may indeed have been present, but were eliminated before the times we looked. This is unlikely in view of our earlier work, which showed no significant rearrangement of initial motoneuron projection patterns after denervation and transplantation procedures identical to those employed here. Thus, the doubly labeled neurons in control experiments were probably not posterior ILT neurons that reinnervated both anterior and posterior ILT muscles. Second, the spurious labeling with DY in long-term experiments suggests that the double-labeling of cells in control experiments might be a result of the inadvertent labeling of anterior ILT motoneurons after injecting posterior ILT with DY. While a certain amount of this cross-labeling probably does occur (see Table 2 , column l), it is probably not sufficient to account for the number of doubly labeled cells we observed. Furthermore, it would be surprising if such dye transfer could have selectively labeled such a high proportion of the neurons that reinnervated the target muscle, since these neurons represented a small fraction of the motoneurons present at this level of the spinal cord. None of 3 further possibilities can be ruled out at present. First, the doubly labeled cells in these control experiments might have been neurons that indiscriminately reinnervated the injected muscle. Second, they might have been neurons whose axons were constrained in some way by growth or guidance factors to innervate muscle fibers in the normal position of their original target muscle. Since the anterior and posterior ILT muscles had been exchanged, original posterior ILT neurons innervating anterior ILT after transplantation would have been innervating a muscle in the normal position of their native muscle. A third and intriguing possibility is that these doubly labeled neurons were posterior ILT neurons that were somehow acceptable to the anterior ILT muscle: since anterior and posterior ILT muscles contain similar proportions of different muscle fiber types (N. Holder, personal communication), it is possible that a subset of posterior ILT motoneurons found muscle fibers within anterior ILT that were acceptable. However, our previous finding and Kennedy * Selective Muscle Reinnervation that foreign neurons (autonomic preganglionic neurons) reinnervate skeletal muscles selectively on the basis of a correspondence between the rostrocaudal origin of the muscle and the rostrocaudal position of the neurons in the spinal cord (Wigston and Sanes, 1982, 1985) suggests a different interpretation. Since the rostrocaudal position of some posterior ILT neurons corresponds with that of some anterior ILT neurons, some other quality, related to their position in the rostrocaudal axis, might make certain posterior ILT motoneurons acceptable to anterior ILT muscles. This raises the question of whether, had we used muscles that differed more dramatically in position or function, we might have observed greater selectivity in their reinnervation.
The main significance of the present work is that it examines reinnervation with regard to individual neurons rather than general regions of the spinal cord or spinal nerves. This has not been the case in previous studies of the selectivity of reinnervation, except for a few notable instances. In one example, individual muscle nerves were transposed and the efficiency of neuromuscular transmission at individual synapses was assayed in different target muscles (Holder et al., 1982) . In another, sensory axons innervating particular muscles were shown to reinnervate preferentially motoneurons innervating the same muscle @ah and Frank, 1984) . Finally, selective reinnervation of targets by identified neurons has been documented in more simple invertebrate nervous systems (see, for example, Young, 1972; Wallace et al., 1977) and in tissue culture (Ready and Nicholls, 1979; Bodmer et al., 1984) . Our own experiments with vertebrate motoneurons complement previous electrophysiological experiments on the same or similar systems, which have shown that transplanted muscles are reinnervated selectively by axons arising from appropriate spinal segments (Wigston, 1986 ; see also Wigston and Sanes, 1982, 1985) . We have now shown that the most likely explanation for the selective reinnervation of axolotl muscles is that individual motoneurons have a good probability of reinnervating their original muscle despite its translocation to a new site. Thus, there must be a mechanism for the selective control of synapse formation that favors synaptic union between a particular motoneuron and specific target cells. This mechanism apparently operates in concert with, but independently of, mechanisms that control axonal guidance, since our experiments were designed to make the choice of proper pathways unnecessary for regenerating axons in relocating their original muscle. While the anatomical arrangement of the nerve branches that supply anterior and posterior ILT in the axolotl is such that both muscles are easily accessible to the cut ends of axons that previously innervated either muscle, we cannot strictly rule out the possibility of short-range, musclespecific tropic signals, or the attraction of severed axons towards, and guidance down, the distal stumps of their original nerve. However, unpublished results from this laboratory suggest that anterior and posterior ILT muscles can be distinguished from one another even after transplantation into the forelimb and reinnervation by foreign, brachial motoneurons. These and previous findings (Wigston and Sanes, 1982, 1985; Laskowski and Sanes, 1987) indicate that one factor contributing to the identity of pre-and postsynaptic elements might be some aspect of their position in the rostrocaudal axis. We favor the view that the selectivity we observe depends on a system of recognition cuesperhaps molecules associated with the surfaces of muscle fibers, which are used by the growth cones of regenerating axons when choosing their synaptic partners.
